Introduction
Hemicelluloses, comprising non-cellulose cell-wall polysaccharides of vegetative and storage plant tissues, represent an immense renewable resource of biopolymers. Glucomannans and galactoglucomannans, common constituents of plant cell walls, are the major hemicellulosic components of the secondary cell walls of softwoods, whereas in the secondary cell walls of hardwoods they occur in minor amounts [1, 2] . Galactoglucomannan-derived oligosaccharides (GGMOs) belong to the class of oligosaccharins. They influence in very low concentrations various physiological processes in plant cells. It was ascertained that GGMOs inhibit the auxin induced elongation growth of hypocotyls and stem segments in long-term as well as in short-term bioassays [3] [4] [5] [6] . Exogenously applied, they probably interact also with endogenous growth regulators in intact plants [7] . GGMOs are able to influence developmental processes of spruce embryos [8] , division and differentiation of cells [9] , and viability and regeneration capacity of spruce protoplasts [10] . The success of protoplast regeneration is determined by cells viability and ability to synthesize new cell walls and to divide, but the rapidity of cell wall formation is influenced by many exo-and endogenous factors [11] [12] [13] [14] [15] . As galactoglucomannan oligosaccharides are components of primary and secondary cell walls of conifers, it was of interest to study the effect of GGMOs, as biologically active molecules, on spruce protoplasts. The attention was therefore focused on the effect of GGMOs on regeneration and vitality of long-term callus culture derived protoplasts, as well as on the extra-and intracellular protein content.
Experimental Procedures

Plant material and protoplasts bioassay
Long-term spruce (Picea abies (L.) Karst) callus culture (12 years old) derived from hypocotyls of 30 day old seedlings was obtained and maintained 9 years on modified B-L medium [16] supplemented with α-naphthaleneacetic acid -NAA (1.0 mg/l) and kinetin (1 mg/l). After this time, the spruce callus culture was maintained on Z medium supplemented with NAA (0.5 mg/l) [17] under 16-h photoperiod, irradiance of 45-60 µmol/m 2 s, at 23±1°C and 60% relative air humidity. Spruce callus culture was characterized by a steady growth (100% of biomass increase during 28 days of culture). The growth dynamics of this callus culture resulted from the long-term cultivation and adaptation in given culture conditions. Callus cells displayed a mitotic index of 0.5-2% and possessed 2n=24 chromosomes, and in some cases in metaphase, polyploidity has been observed (Krajnáková, unpublished data). During the whole cultivation time the formation of tracheids was sporadically observed. Protoplasts were isolated as described previously [18] with some modifications. Suspended callus cells were incubated in a solution containing cellulase Onozuka R-10 (2.5% w/v; Serva, Heidelberg, Germany), Macerozyme R-10 (1% w/v; Serva), bovine serum albumin (0.2%), MurashigeSkoog [19] macroelements, and 0.6 M mannitol, at 30°C in the continuous light (32 μM/m 2 s) for 3-4 h. Protoplasts released were filtered through nets (200 µm mesh size), centrifuged at 300 g for 7 min, washed on a dextran gradient (10-2.5%), and centrifuged again at 500 g for 10 min. After three washings in 0.6 M mannitol and /ml of protoplasts. Protoplasts suspension was centrifuged (500 g for 10 min) and part of the medium was chromatographed on Whatman 1 chromatographic paper in ethyl acetate : n-propanol : water (1:7:2) system for 48 h. The radioactivity was measured. Peaks at 10 and 20 cm correspond to oligosaccharides and at 26 cm corresponds to glucose (Glc). /ml of protoplasts. Aliquots of culture medium (20 µl) were applied in time intervals -30 min, 16, 22, 48, 54 and 120 h on a chromatographic paper Whatman 1 and were chromatographed in ethyl acetate : n-propanol : water (1:7:2) system for 48 h. The radioactivity was measured. The peak at the start -polysaccharides, at 10 and 20 cm -oligosaccharides, and at 30 cm -glucose (Glc).
centrifugation (200 g for 5 min), the protoplast number was determined using a haemocytometer. Aliquots of the protoplast suspension were added to the basal regeneration medium (Z liquid medium containing NAA (1.0 mg/l) [17] , on Z medium without the growth hormone, and on medium containing galactoglucomannan oligosaccharides at a concentration of 10 µg/l. The pH of all types of media was adjusted to 3. 8 
Soluble enzyme preparation
Protoplasts (after 6 days of culture) were separated from liquid culture media by centrifugation (500 g for 5 min). Proteins were precipitated from the supernatant by fourfold volume of saturated (NH 4 ) 2 SO 4 and centrifuged at 20 000 g for 15 min. The sediment, dissolved in Tris buffer 7.5 (2 ml) and saturated solution of (NH 4 ) 2 SO 4 (8 ml) was stirred for 15 min, then centrifuged at 20 000 g for 15 min [20] . This soluble enzyme preparation was used for splitting of the saccharidic material released into the liquid medium during protoplast regeneration.
Isolation of radioactive oligosaccharides and polysaccharides
Isolated protoplasts (cca 3.10 5 per 1 ml média) were incubated in Z liquid medium [17] (2 ml) with the supplementation of 0.4 M mannitol and 30 µCi of glucose (D-/ 14 C-U/-glucose with specific activity of 100 mCi/mM) obtained from the Institute for Research, Production and Use of Radioisotopes, Praha, CZ. After 3 days of incubation, the protoplasts were centrifuged (500 g for 10 min) and the medium was condensed at 40°C to ca. 0.5 ml volume and paper chromatographed on Whatman 1 in ethyl acetate : n-propanol : water (1 : 7 : 2) system for 34 h. Part of the chromatographic paper was cut to pieces on the base of radioactive oligosaccharides movement, eluated with water and the samples were evaporated to dryness. Fractions of radioactive oligosaccharides secreted into the medium were obtained. A fraction of radioactive polysaccharides was obtained from the supernatant with extracellular material by dialysis against water during 72 h. The radioactivity was measured by the use of liquid scintillation apparatus Perkin-Elmer 3-Carb 2800 TR. 
Source of oligosaccharides
Galactoglucomannan was isolated from spruce (Pices abies L. Karst.) secondary cell walls and galactoglucomannan oligosaccharides (GGMOs) were prepared as described previously Capek et al. [21] . 
Protein determination
Extraction of total soluble proteins was made in 0.1 M Na-phosphate buffer, pH 7.0 [22] . Quantitative content of proteins was determined spectrophotometrically according to Bradford [23] with bovine serum albumin as the standard. Samples for SDS-PAGE were prepared according to Laemmli [24] . Discontinuous polyacrylamide gel electrophoresis (PAGE) of both non-denatured and denaturated extracellular and intracellular proteins was performed on 12.5% gel according to Smith [25] . The amount of soluble proteins was 0.8 µg per well. Gels were stained with modified non specific silver method of Nesterenko et al. [26] with our modification [27] . A Sigma ladder of wide range was used as a protein mass standard for SDS-PAGE. Detection of β-1,3-glucanase activity and chitinase on PAAG was done according to Côté et al. [28] . Haemoglobin, albumin and lysozyme (Sigma-Aldrich, St. Louis, U.S.A.) were used as molecular mass standards for PAGE.
Statistics
All data were analysed using analysis of variance (ANOVA). The values comparison was made by least significant differences (LSD) test at P<0.05 and standard error (SE) was calculated.
Results
Fresh isolated spruce protoplasts cultured in liquid medium are able to synthesize polysaccharides deposited on the surface of the plasma membrane. However, by cultivation of protoplasts with radioactive glucose as the source of carbon, it was shown that regenerating protoplasts secreted radioactive oligoand polysaccharides into the liquid medium (Figure 1 the amount of which increased during the cultivation (Figure 2 ). We did not identify the structure of this secreted saccharidic material because of its very low amount, but we propose a mixture of mainly hemicelluloses-and pectin-like saccharides. During protoplast regeneration, hydrolytic enzymes, responsible for splitting secreted oligo-and polysaccharides, were also released into the liquid medium (Table 1) . When protoplasts were cultured in media with GGMOs (d.p. 3, 4, 5, 6-7 and 4-8) various acidic extracellular proteins as well as intracellular proteins were detected during protoplast regeneration. Besides oligosaccharides, their presence was also affected by the presence of growth hormone and pH of the culture medium ( Figure 3A ,B,C; 4A,B,C).
The cultivation of spruce protoplasts with GGMOs d.p. 4-8 at pH 3.8 resulted in a decrease of intracellular proteins during the first 24 h; extracellular proteins were without significant changes compared with the control. Remarkable increase of both extra-and intracellular proteins, as well as of protoplasts viability after 48 h of cultivation has been observed ( Figure 3A , 4A, 5A). On media supplemented with NAA+GGMOs, the increase in protoplast viability has also been determined (48.3%), but in lower extent compared with the case when GGMOs alone were present in the culture medium (83%) ( Figure 5A control. The protoplast viability after 48 h of GGMOs d.p. 3 action remained unchanged. The supplementation of NAA to this experiment resulted in higher amounts of extra-and intracellular proteins after 48 h, but also in this case the protoplast viability remained unchanged (Figure 3B,C; 4B,C ; 5B).
The GGMOs fraction d.p. 4 (pH 6.0) caused a decrease of extra-and intracellular proteins after 24 h of protoplast cultivation and an increase after 48 h compared with the control. The protoplast viability remarkably increased at this time (45.1%). The addition of NAA lowered the content of extracellular proteins during the cultivation compared with the control. The content of intracellular proteins increased after 48 h of protoplast cultivation, and the protoplast viability was comparable with the control.
The GGMOs fraction d.p. 5 (pH 6.0) decreased the contents of extracellular proteins after 24 h of cultivation while the content of intracellular proteins remained unchanged. After further cultivation the values of both types of proteins significantly increased compared with the control, which was accompanied also by higher viability of protoplasts (Figure 3B ,C; 4B,C; 5B). The presence of NAA in this case was responsible for lower extracellular protein content after 24 h of protoplast culture in contrary to intracellular ones, whose content increased after 24 h as well as 48 h of culture compared with experiments without NAA. The vitality of the protoplasts was significantly higher compared with the control, but similar to experiments with GGMOs only.
GGMOs of d.p. 6-7 (pH 6.0) alone and in combination with the growth hormone did not affect the content of any of the proteins, but they positively influenced protoplast viability.
GGMOs d.p. 4-8 (pH 6.0) after 24 h of cultivation lowered the quantitative content of extracellular proteins and had no effect on intercellular ones. After 48 h of protoplast cultivation, an increase in both types of proteins and protoplast viability compared with the control was detected. Comparable effect of media with supplementation of NAA on protoplast viability has been determined.
Electrophoretic analysis showed main differences in extracellular proteins of the mass interval Mr~17-21 kDa, 25-30 kDa, and 45-60 kDa ( Figure 6A , Table 2 ). The protein p41 showed a weak β-1,3-glucanase activity and was present in all cultivation media during whole protoplast cultivation (Table 2) . This mixture of oligosaccharides at pH 3.8 significantly increased the viability of the protoplasts ( Figure 5A ) and regenerating protoplasts passed through cell division ( Figure 7) . Very similar composition of extracellular proteins was determined during the cultivation of protoplasts on media supplemented with mentioned mixture of oligosaccharides without growth regulators at pH 6.0, or in the presence of GGMOs d.p. 4 or 5.
Significant quantitative and qualitative differences were found for proteins with the mass intervals Mr~17-21; 25-30 and 45-60 kDa in media 1-4 and 8-13 ( Figure 6A ,B and Table 2 ). Proteins with underlined Mr were detected approximately in all media except for media 1 (control -MS without both NAA and GGMOs, pH 3.8) and 3 (MS + NAA + GGMOs (d.p. 4-8), pH 3.8). Proteins p41, p45, p68 and p90 are characterized by β-1,3-glucanase activity. Practically identical mobility and Mr was observed for chitinases ( Figure 6B ). The activity of these proteins decreased with prolonged time of cultivation. One reason for this fact could be the resynthesis of the cell wall connecting with consequent changes induced in the gene expression. Background of these changes is created by growth regulators which activated or silenced many genes responsible for the synthesis of cell wall components (extensin, cutin, cellulose, arabinogalactans, glucomannans) [29, 30] . However, the presence of GGMOs could also influence this process, as in zinnia xylogenic cell culture where the presence of these oligosaccharides influenced genes responsible for the cell wall synthesis and an interaction between GGMOs and the auxin signalling pathway was supposed [9] . Media used can be divided on the base of the extracellular protein synthesis into two groups in the dependence of their hydrolytic function -preferentially with aspect on the chitinase activity ( Figure 6B ). Obtained differences indicate the role of galactoglucomannan oligosaccharides in the regulation of gene expression connecting with the cytoskeleton restructuralization and cell wall regeneration. This connection was previously determined during tracheary elements formation [9] . Typical representatives are protein groups with Mr~27-30 and 36-44 kDa after 48 h cultivation.
After 24 h of protoplast cultivation, media contained specific extracellular acid glucanases (Mr~30 and 45 kDa) whose amount decreased in conjunction with other isozymes from this group (Table 2, 3) . These hydrolytic enzymes were present in the media 5-12 (MS + GGMOs d.p. 3, 4, 5, 6-7) independently on the presence of NAA at pH 6.0 ( Figure 6B , Table 2 ). With acid extracellular β-1,3-glucanases are closely connected chitinases. Media 5-12 induced large quantitative and qualitative changes in their isozyme patterns with a main increase in the mass interval Mr~21-52 kDa after 24 h of cultivation ( Figure 6B ). After further cultivation (48 h) the content of acid β-1,3-glucanases massively decreased and their amount was under the detection level of the method used (Table 2) . In this period, detected changes are probably connected with the cell wall reconstruction and correspond to the cell cycle in the stationary stage of the callus growth. In the late phase of protoplast cultivation (144 h of culture) isozyme patterns of extracellular chitinases resembled that of the control. The role of chitinases in combination with auxin on gene expression and cell wall restructuralization has been proven [31] [32] [33] [34] . 
Discussion
The plant cell wall is a complex dynamic structure with various functions in the plant cell [35, 36] . Certain fragments of cell wall polysaccharides have potent biological activities when applied to plant tissues. Galactoglucomannan-derived oligosaccharides in very low concentrations act as regulatory/signaling molecules in various processes in plant cells -elongation growth, cell differentiation, development [3] [4] [5] 8, 37] , and cell protection against virus infection [38] . GGMOs evoke inhibition of elongation growth induced by auxins probably associated with cell wall modifications catalysed by peroxidases [39] . These oligosaccharides may have antiauxin activity. They probably interact also with endogenous growth regulators in intact plants.
Previously, it was ascertained that single fractions of GGMOs d.p. 3, 4, 5, 6, 7, and 8 did not enhance the viability and regeneration capacity of spruce protoplasts in the presence of growth regulators (NAA, 2,4-D). The viability significantly increased only in the presence of GGMOs d.p. 4, 5, and 7 at pH 6.0 when growth regulators were absent, but had no effect on protoplast division [10] . In comparison with current results at pH 3.8 on medium Medium  1  2  3  4  5  6  7  8  9  10  11  12  13  14   Glu  3  2  1  5  5  5  5  4  4  2  3  4  2  2  Chi  3  3  4  4  4  4  4  4  7  6  6  6  3  3   Table 3 . Number of acidic β-1,3-glucanase and chitinase isozymes secreted into the culture media after 24 h of protoplasts cultivation. 
MS-mass spectrometry; MALDI and BLAST bioinformatics systems for protein identification; M-culture medium
without auxin, but with the supplementation of the mixture of GGMOs, the viability was significantly higher. The pH of the medium seemed to also be important for protoplast viability in the presence of GGMOs mixture, leading to the regeneration of new cell wall and to cell division (medium 3). GGMOs d.p. 4-8 in combination with NAA at pH 3.8 positively influenced not only the viability, but also the protoplast regeneration and division. Less effective was the combination with 2,4-D on protoplast viability [8, 10] . Similar positive effects of GGMOs on viability and cell division has been observed in zinnia xylogenic cell culture [9] . The important role of proteins in protoplast cell wall reconstruction is indicated by large amounts of nuclear genes coding proteins participating in this dynamic cell structure. Arabidopsis thaliana genome database registered approx. 17% from full volume of genetic information estimating cell wall proteome [40] . From this proteome 1500-2000 genes directly connect with cell wall biosynthesis, assembling and functioning [41, 42] . They include hydrolases, phosphatases, proteases, extensins, expansines, peroxidases, and structural proteins, hemicelluloses and pectins, creating the cell wall matrix in which cellulose is embedded. Their amount and spectrum depend on plant taxon, organ, as well as developmental stage. All these factors affect the composition of extracellular/intercellular proteins and their dynamics during cell development. In our work, we concentrated our attention on the changes induced in the spectrum of extracellular proteins released into the culture media enriched with different fractions of oligosaccharides during spruce protoplast cell wall regeneration. Excellent proteomic analyses were done on A. thaliana [40] [41] [42] [43] , but up to the present, the information on conifers and especially on spruce are not well-known, and we can compare our results only with those of A. thaliana. Acid extracellular proteins according to A. thaliana proteomic database and above mentioned works are summarised in Table 4 with actual determined experimental protein masses (Table 2 ) identified in culture media during 144 h of spruce protoplast cultivation. Differences found in extracellular protein patterns from spruce protoplasts media are probably species specific for gymnosperms connecting with activation of sleeping and suppressed genes by GGMOs/GGMOs+auxin. The activity of these genes was probably regulated by transcription and posttranslation modifications during long-term cultivation in vitro (Table 2, Figure 6A,B) .
Presence of heat-shock protein (p70) [41] , as well as proteins connected with basic defence reaction p21, 14.5 [22, 40, 43, 44] is not surprising because they are natural compounds of extracellular fluid as a reaction to abiotic stress. These proteins are characterised by weak chitinase activity and belong to the family of taumatine-like proteins. They were identified in the intercellular fluid of barley by compatible interaction with pathogens. Actively expressed orthological genes were found in the protein patterns of powdery mildew [44] . Higher amounts of β-1,3-glucanases present in culture media with different activity and content ( Figure 6B ), is the result of species specificity, as well as of activated genes by GGMOs during cell wall reconstruction, where many glycosylation pathways are activated [40, 42] . New metabolic pathways, however, cannot be excluded as a result of GGMOs action.
